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| INTRODUCTION
Platelets are discoidal, anucleate, multifunctional cellular fragments (1-3 µm in diameter) generated from bone marrow megakaryocytes and are released into the blood circulation.
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Circulating platelets are essential for hemostasis. They "survey" the integrity of the vascular system. Upon vascular injury, platelets adhere to the exposed extracellular matrix (ECM) and form a hemostatic plug to seal the wound. However, platelets may also contribute to thrombosis, in case of pathological clot formation. Platelets function as complex biological units that sense and mechanotransduce physicochemical cues and stimuli from their surrounding environment (ie, outside-in signaling via ligand receptor-mediated interactions) and actively respond through mechanotransduction events (ie, inside-out signaling triggering platelet adhesion, activation, spreading and contraction). Platelet activation at interfaces is associated with spreading and involves the formation of lamellipodial and filopodial protrusions.
These processes result in generation of biomechanical contractile forces through interactions between platelet cytoskeletal components (eg, actin, myosin, tubulin, and several other proteins), which regulate, from the internal side of platelets, distribution of surface receptors (eg, glycoprotein Ib-V-IX complex, integrin α2β1 and αIIbβ3) that recognize the ligands (eg, von Willebrand factor), exposed ECM (eg, collagen), and activated platelets. and real-time thrombus formation in parallel plate flow chambers (which allows insights into clot formation). 5 Although these approaches have significantly improved our understanding of hemostasis and thrombosis from a biochemical and cell biological perspective, much less is known about underlying biomechanical properties and biophysical forces generated, which govern protective functions such as hemostasis and pathophysiological origins of thrombosis. Within this context, several of these methods are not sufficiently informative to assess directly biomechanical properties of single platelets and how these in turn influence platelet function and how they drive the complex spatiotemporal dynamics during hemostasis and thrombosis.
| Why should we investigate biomechanical properties of single platelets using single-cell biophysical techniques, and what does this add to our current knowledge of platelets in both hemostasis and thrombosis?
Given the extent of cell-to-cell variations, rare subpopulations, and intrinsic fluctuations within biological systems, bulk population-level experiments often conceal and average out vital causal relationships underlying the biological phenomena. 6 Single-cell biophysical techniques and their sensitivity have enabled quantification and unveiling of previously unknown relationships and fundamental paradigms in platelet biology and their underlying biomechanical principles with a resolution up to single-molecule level. [7] [8] [9] [10] However, many of these single-cell techniques are still limited in their ability to scale to measure a suitably large number of individual cells and independent samples. 11 In this review, we focus on biophysical methods suitable to assess and quantify biomechanical characteristics such as elastic modulus, stiffness (or deformability), forces generated during adhesion, and spreading and contraction of single platelets in health and disease states. We also provide some insights into limitations and highlight improvements of the methods described herein. Most of the methods 
| TECHNIQUES FOR MEASURING THE BIOMECHANICAL PROPERTIES OF SINGLE PLATELETS

| Micropipette aspiration
Micropipette aspiration has been indispensable for membrane biophysicists interested in quantifying phase behavior, elasticity, and rupture tension of lipid bilayers. [12] [13] [14] When applied to single cells, micropipette aspiration allows for measuring the biomechanical properties of single cells by observing cellular deformation upon application of defined suction pressure. 15 It is one of the earliest biophysical tools used in single-platelet manipulation and quantification of platelet biomechanics. 16 Micropipette aspiration (Figure 2A ), as the name suggests, relies on suction of part of the single-platelet membrane into a borosilicate glass micropipette (inner diameter of 0.5-1.5 µm) connected to a micromanipulator by applying negative pressure in a stepwise manner. The subsequent change in the length of the platelet membrane aspirated into the micropipette over time is tracked by video microscopy ( Figure 2B) . 15, 17 The data obtained from this type of experiment is then used to characterize material properties of a deforming cell using the Law of Laplace, which gives the relationship between the surface tension and pressure within a fluid drop that has a membrane with surface tension in it ( Figure 2C ).
Depending on the instrument setup, suction pressures from 0. Elasticity -the property of a material to undergo deformation under force (stress) and return to its original shape upon removal of the force. For an elastic material, the relationship between force and deformation is linear.
Young's or elastic modulus (E ) -describes a materials resistance to deformation under extention or compression. (SI unit: Pascal, Pa)
Viscoelasticity -property of a material that exhibits both viscous and elastic charateristics under external stress or shear.
Stiffness -resistance of a material to deform under applied external force.
Biomechanics (or Mechanobiology) -an interdisciplinary field that applies principles of physics to quantitatively assess biological systems from single molecules up to organismic level. At cellular-level, biomechanics refers to dynamic mechanotransduction events that support fundamental cellular functions such as adhesion, spreading, migration, differentiation, etc. by generating and transducing mechanical forces in reponce to physicochemical stimuli.
Mechanotransduction (or Mechanosignaling) -refers to a biological process where signaling pathway(s) is triggered by mechanical force such as shear or strech/compression acting via structural or confirmational changes at molecular levels. The micropipette movement immersed in platelet suspension is controlled by a precision micromanipulator, ΔPa is the aspiration pressure applied parallel to the z-axis through the aspirator, Ri and Ro-inner and outer radius of the micropipette respectively and L pro is the length of the protrusion of platelet body into the micropipette. Change in L pro is recorded continuously with a high-speed camera. B, Micropipette aspiration is a dynamic procedure with three distinct stages: In Stage I (initial), radius of protrusion R pro > L pro , the length of protrusion. During Stage II (critical) R pro = L pro and in Stage III (final) R pro < L pro . In Stage II when L pro /R pro = 1, the Law of Laplace can be applied to determine the surface tension n (SI units pN/ μm). C, Simplified schematics of the Law of Laplace, which provides a relationship between the radius R of a membrane of a spherical cell subjected to the pressure difference ΔP = P int − P out , where P int and P out are the pressures inside and outside the cell, respectively. The membrane force F mem = n 2πR is the result of the surface tension n acting on the cell membrane along the circumference C = 2PR as shown in the free body diagram of a spherical cell cut in half. It is in equilibrium with the forces F pre resulting from the pressure difference ΔP acting on the cell area A = PR 2 . Combining these two we arrive at the Law of Laplace, which gives the relationship between cell wall and its curvature 1/R in terms with the surface tension n. Applying this to the critical Stage II during micropipette aspiration where R pro = L pro for radius of protrusion and that of cell we can effectively determination the surface tension n of the cell. (Figure modified 
| Atomic force microscopy
The technique of atomic force microscopy (AFM), also known as scanning force microscopy, provides the capability to simultaneously visualize and quantify mechanical properties of both organic and inorganic materials in 3 dimensions on a nanometer (nm) scale at ambient atmospheric conditions, and in solution, including (biological) buffers, beyond the light diffraction limit. 27 AFM can achieve a lateral resolution up to 1 nm, or below with a subatomic vertical resolution limit of <0.1 nm while simultaneously allowing direct visualization of dynamic molecular events at millisecond time scales. Furthermore, after data acquisition, it is also necessary to apply suitable theoretical models such as Hertz, Sneddon, DerjaguinMüller-Toporov, and Johnson-Kendall-Roberts (JKR) models to extract mechanical properties of biological systems.
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Since its development in the early 1990's, AFM has accelerated our understanding of biophysical properties governing hemostasis at the molecular and cellular levels. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] With respect to surface characterization of platelets using AFM in scanning mode, Fritz et al 41, 42 were first to report on detailed topography maps of human platelets upon adhesion and spreading on glass substrates.
Subsequent tapping-mode AFM tip-based indentation imaging studies revealed the elastic modulus of adherent human platelets to be in the range of 1 to 50 kPa. 43 It was found that platelet granulomere was the softest part of platelets (1.5-4 kPa), and areas surrounding the granulomere were heterogeneous in their stiffness (10-40 kPa), while platelet edges were the stiffest (up to 53 kPa). Since the subcortical architecture of actin cytoskeleton influences elastic modulus of cells, the observed increased stiffness at platelet edges is a result of shorter, densely packed, and homogeneous distribution actin filaments. Young's modulus of platelet granulomere to be 32 kPa, and the peripheral regions showed higher stiffness of ~224 kPa.
Using bulk methods, it has been shown previously that elasticity of platelet-rich clots is 10-fold greater (~600 Pa) than the elasticity of a clot devoid of platelets (~70 Pa). This is mainly due to high F I G U R E 3 A, Schematic representation of a typical rectangular cantilever with a pyramidal sharp tip used for AFM and the equation for determination of cantilever spring constant k based on beam theory; C, 3D topography (height) and D, Young's modulus E of a single platelet spreading on fibrinogen passivated surface obtained by force-volume imaging by acquiring force-distance curves in x-y plane. (B, C, and D adapted and modified from Sorrentino et al. 44 ) E, Schematic diagram of single platelet force spectroscopy using flat cantilever to assess biomechanical forces generated during single platelet adhesion at the tip of the cantilever. Single platelet firmly adhering on the lower side of a collagen-coated tipless cantilever (fplatelet labeled with plasma membrane dye DiI and imaged with confocal florescence microscopy) lowered along the z-axis (Step 1) and allowed to approach and contact briefly with collagen coated substrate (
Step 2) to facilitate adhesion. Next, the cantilever is then retracted along z-axis in (Step 3) to allow the platelet to detach from the adhesive substrate (Step 4). These steps are repeated several hundreds of times in x-, y-, and z-axis to scan a defined area to obtain precise quantification of single platelet adhesion and spreading forces (g) on different substrates. (E, F, and G are adapted and modified from Nguyen et al. Step 1: Approach
Step 2: Adhesion and spreading
Step 3: Retract
Step substrates depending on the scientific objectives. 46 Recently, automation and parallelization combined with positioning of cells on prepatterned adhesive substrates have achieved higher-throughput measurements of cell mechanics using AFM. 54, 55 However, these advanced setups are not widely available yet.
| Scanning ion-conductance microscopy
Scanning ion-conductance microscopy (SICM) is a label-free, nonforce contact, noninvasive, and high-resolution topography imaging technique suitable for biophysical characterization of biological samples from several micrometers down to molecular resolution of few nanometers. [56] [57] [58] The resolution limit in SICM is mainly determined by the nanopipette inner radius, which is typically in the range of 8 nm up to 2 µm. 56, 59, 60 In addition, SICM is also capable of monitoring surface charge and ion flux across membranes during topography imaging of biological samples. 61, 62 The working principle of SICM is based on precise measurement of ionic current that flows between a quasi-reference counter electrode (QRCE) inside a borosilicate glass nanopipette and a second QRCE immersed in an electrolyte solution connected to a feedback control system that maintains the pipette-sample distance along a vertical axis (z) during the lateral scanning process ( Figure 4A ). Figure 4C and 4) . 66 Recently, SICM has attracted considerable attention among platelet biologists and is fast emerging as the method of choice for high-speed morphometric and biomechanical characterization of single platelets. 67 Using SICM, (microtubule polymerization inhibitor), and aurintricarboxylic acid-ATA (kinesin ATPase inhibitor) showed no significant effects. 68 Recently, in a clinically relevant study, SICM was found to be a useful label-free morphometric biophysical tool for obtaining fast 3-dimensional (3D) topographic images to unravel a critical role of platelet-derived high-mobility group box 1 (HMGB1) in 
| TRACTION FORCE MEASUREMENTS
Platelets exert traction (or contractile) forces. These are generated by the actomyosin-motor protein complex in activated platelets upon specific receptor-ligand interactions on exposed subendothelial ECM during blood clot and thrombus formation. 72, 73 Broadly categorized under traction force microscopy (TFM), several methods are currently available to precisely measure and quantify cellular traction forces at a single or multicellular level in 2D and 3D. 74 In principle, these techniques rely on quantitative light microscopy to measure substrate displacements, which are then converted into forces. However, substrate preparation methods, implementation, modeling and data analysis of TFM varies between different approaches. 75, 76 To measure traction forces produced by platelets, displacement tracking by TFM on hydrogel substrates and bending of elastomeric micropillar arrays are most commonly used.
| TFM on hydrogel substrates
TFM on hydrogel substrates is a versatile and perturbation-free approach to access cellular forces from single cells up to tissue levels.
In its simplest implementation, TFM on hydrogel substrates meas- revealed that traction forces generated by fully activated platelets were independent of the matrix stiffness. 84 Although platelets generated isotropic contractile traction forces, at the steady state, assessment of force localization showed that these were largest at the periphery of platelets, while the traction force was focused near the platelet granulomere. 
| Deformable elastomeric micropillar and microbeam arrays
As an alternative to the continuum substrates used in TFM, deformable micropillar (also called as micropost) arrays are uniformly spaced, compliant, vertical elastomeric cylindrical cantilevers made of polydimethylsiloxane (PDMS) of defined dimensions (diameter and height) and stiffness (linearly elastic). 87 In contrast to TFM, the ligand functionalized tips of the micropillars serve as adhesive surfaces. 88 Upon cell adhesion, the displacements of each micropillar in an array is tracked by video microscopy, and the applied force on the cantilever can be calculated from force-displacement relationship for pure bending of an elastic cylindrical beam using beam theory ( Figure 6A and 6) . 89 Micropillar arrays have been used in a wide variety of contexts, not only to measure cell-generated forces (as low as 1 nN) , but also to analyze the relationship between substrate rigidity and single-cell responses as well as at the tissue level, thus making it a highly versatile biophysical tool. 90 , 91 Liang et al
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F I G U R E 5 A, Schematic diagram
showing set-up of a traction force microscopy experiment using fibrinogen passivated hydrogel of known stiffness embedded with of fiducial marker microbeads; B, Resting platelets are seeded low densities on the fibrinogen passivated hydrogel surface. Upon thrombin stimulation, activated platelets adhere, spread, and ultimately contract resulting in generation of "traction forces" over the entire process. These forces exert mechanical tension on the hydrogel that leads to displacement of embedded microbeads. These displacements can be precisely imaged and tracked overtime with a fluorescence microscope. Post-image acquisition, image-processing algorithms are used to compute displacement fields that provide spatial and temporal dynamics of platelet generated traction forces Additionally, elastomeric micropillars coated with VWF have been found to be useful in assessing the role of integrin αIIbβ3 and GPIb-IX-V complex in mechanotransduction of forces through cytoskeleton at the single-platelet level. 94 Currently, deformable micropillar arrays are fabricated using a photolithographic technique followed by replica molding using PDMS. However, this labor-intensive and time-consuming process limits rapid prototyping necessary for optimizing substrate deformation to increase measurement sensitivity.
In addition, fabrication of complex geometries to measure cellular traction forces on 3D substrates is impossible to achieve via replica molding. To address these issues our laboratory has adopted a maskless technique based on direct laser writing using 2-photon polymerization (2PP) in 3D of photosensitive resists to print highresolution deformable micro-and nanostructures in 3D. 
| REAL-TIME DEFORMIBILITY CYTOMETRY
Real-time deformability cytometry is a rapidly emerging mechanophenotyping approach that combines the technique of flow 
| CONCLUSIONS
Current knowledge of fundamental biochemical and cell biological processes governing thrombosis and hemostasis have been steadily advanced as result of continued development and implementation methods, which vary widely in their readouts, sensitivities, and spatiotemporal resolution on a macroscale. Building on this, using cutting-edge biophysical methods to manipulate single platelets, one can gain novel insights into biomechanical principles influencing hemostasis and thrombus formation at subnanoscale regimes. Adaptation of the appropriate biophysical platform will mainly depend on the primary research question and on availability and suitability of one or more of the methods described here (Table 1) .
Due to the highly interdisciplinary nature of these investigations, clinicians and basic scientists are encouraged to collaborate extensively to maximize the potential of many of such biophysical methods to address outstanding questions in platelet biology. 
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